Spherical cellulose beads with tailored mean diameter between micrometer (20-80 m) and nanometer (40-200 nm) ranges were fabricated from regenerated cellulose of paper wastes via water-in-oil (W/O) microemulsion and nanoprecipitation processes, respectively. The mean diameter ranges of cellulose beads were precisely controlled via modulating fabrication parameters such as stirring speed, surfactant concentration, cellulose concentration, and reaction temperature. By tailoring their mean diameter ranges and using curcumin as a model drug, cellulose beads with enhanced loading capacities and optimized release kinetic profiles of curcumin were fabricated.
Introduction
Being the most abundant natural biopolymer, nontoxic, biodegradable, biocompatible, and low cost, cellulose is commonly being used as the main feedstock of manufacturing industries [1] . Cellulose has been isolated from various natural biomass resources such as printed paper wastes, wood fibres, cotton, wheat straw, coconut husk fibres, sugarcane bagasse, sesame husk, hemp fibre, and banana rachis [2] [3] [4] . However, native cellulose has limited applications due to its innate properties including poor solubility in common solvents, tendency to agglomerate, and high solution viscosity [5] . Native cellulose has been modified through physical, chemical, or biological processes for various applications. In recent decades, there are growing interests on valueadded utilization of cellulose by fabricating cellulose beads of various mean sizes for potential biomedical and industrial applications such as drug delivery carriers [6] [7] [8] , plastic fillers [9, 10] , and biodegradable adsorbents [11, 12] .
Various approaches, such as emulsion solvent evaporation [13] , emulsion precipitation [14] , and W/O microemulsion [15] , are commonly being used for the synthesis of cellulose beads. However, classical emulsion techniques use large amount toxic solvents and strong acid such as hydrochloric acid which cause environmental issues. Besides, the raw materials used for preparing cellulose beads are cellulose derivatives instead of native cellulose such as methylcellulose, ethylcellulose, hydroxycellulose, which in turn lead to higher production cost [16, 17] . Henceforth, it is essential to study the plausibility of fabricating cellulose beads with controllable mean diameters directly from native cellulose using both the W/O microemulsion system and nanoprecipitation techniques.
Microemulsion approach offers thermodynamic stability, solubilizing capability, optical transparency, and isotropicity for synthesizing particles with controlled properties such as size, geometry, morphology, homogeneity, and specific surface area [18] . Among various microemulsion systems, the water-in-oil (W/O) microemulsion system with a low water ratio is more favourable due to its ability to synthesize smaller, well-dispersed, and uniform micrometer-sized particles with the help of an appropriate surfactant to stabilize the microdroplets [19, 20] . Due to the nature of the microelmusion system, nonionic and nontoxic surfactants such as Span 80 or Tween 80 are the preferred choices [21, 22] . The W/O microemulsion has been extensively used in various fields such as biomaterials synthesis and chemical engineering, with the surfactant monolayer providing stabilization by prohibiting direct contacts between water and oil, as well as by reducing the interfacial tension between the two immiscible 2 International Journal of Polymer Science phases. Effective dispersion of the aqueous phase in the oil phase leads to the formation of uniform microemulsion droplets which, in turn, help to maintain the shape and size of particles formed [20, 23] . On the other hand, the nanoprecipitation (or solvent displacement) process could be used for the fabrication of cellulose particles of desirable particle size distributions via manipulating the synthesis parameters [24] . Due to its simplicity and reproducibility, the nanoprecipitation process is a favourable approach for the fabrication of nanosized cellulose beads [22, 25] .
Herein, we reported the use of paper wastes as the source of native cellulose for fabricating cellulose beads with controllable mean diameter ranges using both W/O microemulsion and nanoprecipitation techniques. Various fabrication parameters such as stirring speed, surfactant concentration, cellulose concentration, and temperature were found to affect the mean diameter of cellulose beads. The cellulose beads were characterized by scanning electron microscopy (SEM), transmission electron microscope (TEM), and BET surface area analyser. The effects of mean diameter of cellulose beads on their drug delivery characteristics were investigated using curcumin as a model drug. By tailoring their mean sizes between the micrometer and nanometer ranges, cellulose beads with enhanced loading capacities and optimized release kinetic profiles of curcumin were fabricated.
Experimental
2.1. Materials. Paper wastes were collected from the campus of Faculty of Resource and Science Technology, Universiti Malaysia Sarawak. Sodium dihydrogen phosphate (NaH 2 PO 4 ), alpha-cellulose, and disodium hydrogen phosphate (Na 2 HPO 4 ) were purchased from Sigma Aldrich. Hydrochloric acid (HCl), sodium hydroxide (NaOH), curcumin, urea, thiourea, sorbitan oleate (Span 80), paraffin oil, absolute ethanol, and sodium dodecyl sulfate (SDS) were purchased from Merck. All chemicals were used without further purification. Phosphate buffer saline solution (PBS) was prepared from 1.0 M sodium dihydrogen phosphate (NaH 2 PO 4 ) and 1.0 M disodium hydrogen phosphate (Na 2 HPO 4 ) solutions. Ultrapure water (∼18.2 MΩ⋅cm, 25 ∘ C) was obtained from the Water Purifying System (ELGA, Model Ultra Genetic).
Extraction of Cellulose Fibres.
Cellulose fibres were extracted from paper waste samples based on a reported method [26] . Around 100 g of paper waste sample was ground into powder form and dispersed in water by stirring continuously at 2000 rpm for 2 h. The slurry was treated with NaOH solution (12.0 wt%) for 24 h and subsequently with HCl solution (3.0 wt%) at 80 ∘ C for 2 h to remove hemicelluloses, lignin, and residual ink. Purified cellulose fibres were washed with ultrapure water and dried in an oven at 60-100 ∘ C for 24 h until their water contents were less than 0.5%. The purity of cellulose sample was confirmed by comparing the FTIR spectrum of cellulose sample with that of commercial alpha-cellulose.
Dissolution of Cellulose Fibres.
Cellulose fibres were dissolved by using an aqueous-based solvent system of NaOH/thiourea/urea (NTU) with composition ratio of 8/6.5/8 (% w/v) as described elsewhere [27] . A weighed amount of the cellulose fibres was dispersed and sonicated for 30 min in 100 mL of NTU solvent. The resulting dispersion was then cooled to −20 ∘ C in a freezer for 24 hours to form a solid frozen mass and subsequently thawed at room temperature to obtain a clear cellulose solution.
Fabrication of Micron-Sized Cellulose Beads ( CBs).
CBs were prepared from the cellulose solution using the water-in-oil (W/O) microemulsion method with Span 80 as the surfactant and acetic acid as the precipitating agent. Typically, 0.6 g of Span 80 was dissolved in 20 mL paraffin oil at room temperature and the resulting mixture was stirred for 30 min to obtain a homogenized oil phase. Subsequently, 3.5 mL of cellulose solution was added dropwise into the oil phase with continuous stirring at 1000 rpm for 1 h to form a microemulsion. CBs were then precipitated by adding 10% acetic acid under vigorous stirring. Cellulose beads were obtained by separating the resulting mixture in a separating funnel and washed once with deionized water and then twice with absolute ethanol to remove residual NTU solvent, paraffin oil, and Span 80. Synthesis parameters such as the stirring speed (250-1250 rpm), quantity of surfactant (0.5-6.0% w/v), cellulose concentration (1.0-5.0% w/v), and reaction temperature (30-100 ∘ C) were modulated to control the mean diameter of CBs formed. Finally, CBs were either stored in ethanol (20% v/v) at 0-5 ∘ C or dried using the critical point dryer (Bal-Tec CPD 030).
Fabrication of Nanosized Cellulose Beads (nCBs)
. 1 mL of cellulose solution of various concentrations (0.1-1.0% w/v) was added dropwise to a fixed quantity of absolute ethanol (6 mL) while undergoing ultrasonication. Cloudy precipitation was observed instantaneously, indicating the formation of nanosized cellulose beads. The resulting suspension was centrifuged and the precipitate was rinsed 5 times with absolute ethanol to remove residual NaOH, urea, and thiourea to obtain nCBs.
Characterization of Cellulose
Beads. SEM and TEM micrographs of cellulose beads were obtained using a Scanning Electron Microscope (SEM) (JEOL-SM 6390 LA) and Transmission Electron Microscope (TEM) (JEOL Model 1230), respectively. For SEM, samples were deposited on aluminium stubs, dried in an oven at 60 ∘ C, and coated with a layer of platinum using an Auto Fine Coater (JEOL/JFC-1600). The size distribution of cellulose beads was determined with a laser scattering particle size analyser (CILAS 1090, 0.04-500 m). CBs were dried using the critical point dryer (Bal-Tec CPD 030) and their specific surface area ( BET ) of cellulose beads was determined using the BET surface area analyser (Quantachrome Autosorb iQ-AG) based on nitrogen gas sorption at 77 K.
Loading of Curcumin.
About 200 mg of cellulose beads was dispersed in 20 mL of ethanolic curcumin solution at a concentration of 6 mg/L. The resulting suspension was continuously stirred at 250 rpm in darkness at room temperature for 24 h. Subsequently, the cellulose beads were separated from the dispersing medium by centrifugation at 6,000 rpm. The concentration of curcumin remaining in the supernatant was quantified spectrophotometrically using a UV/Vis spectrophotometer (Jasco V-630) at the wavelength of 429 nm [28] . The amount of curcumin loaded onto cellulose beads was calculated based on the concentration of curcumin remaining in the supernatant with reference to the calibration curve of standard ethanolic curcumin solutions. The loading capacity (LC) and loading efficiency (LE) of curcumin were calculated based on (1) and (2), respectively. All experiments were conducted in triplicate.
LC (mg/g)

=
Mass of curcumin loaded onto cellulose beads Mass of cellulose beads ,
LE (%) = Mass of curcumin loaded onto cellulose beads Mass of curcumin in solution
Release Kinetics of Curcumin.
The in vitro release kinetics of curcumin from cellulose beads was carried out in phosphate buffer solution (PBS, pH = 1.2) containing 8 g/L of sodium dodecyl sulfate (SDS) [29] . 50 mg cellulose beads of different mean diameters were added to 50 mL of PBS, and the desired medium pH values were adjusted by adding dilute hydrochloric acid (1.0 wt%). The suspension was stirred slowly with a magnetic stirrer at 37 ± 0.5 ∘ C. 3 mL of PBS for 10 h with cellulose beads being taken out and the same volume was replaced with fresh PBS to maintain a constant volume. The amount of curcumin released was determined from the corresponding absorbance values measured at the wavelength of 429 nm against a calibration curve of standard curcumin solutions in PBS with SDS. All experiments were performed in triplicate. The percentage release of curcumin (CR) from cellulose beads was calculated based on CR (%) = Mass of curcumin released Mass of circumin in CBs × 100%.
The release kinetics of curcumin from cellulose beads were further analysed by fitting experimental data to various kinetics models [30, 31] . For the zero-order kinetics, the cumulative percentage of curcumin versus time (in hour) was plotted based on
where is the cumulative percentage of curcumin released at time and is the rate constant. Besides, curcumin release kinetics data were being fitted to selected empirical kinetic models including the Higuchi and Korsmeyer-Peppas models as shown by Higuchi:
Korsmeyer-Peppas:
where is the cumulative percentage of curcumin released at time ;
/ ∞ is the fraction of curcumin released at time ; H and KP are respective rate constants; and is the release exponent which is characteristic of different release mechanisms.
Results and Discussion
Fabrication of Micron-Sized Cellulose Beads ( CBs).
CBs fabricated using the water-in-oil microemulsion approach were considerably greener as compared to the conventional method which involved the use of hydrochloric acid as the reaction medium and methanol as the nonsolvent to precipitate micron-sized cellulose beads [32] [33] [34] [35] . Besides, both acetic acid and paraffin oil used in the water-in-oil microemulsion approach could be recovered and reused for up to 3 cycles and 5 cycles, respectively, without affecting the mean diameter of CBs formed (Figure 1 ). Using the recycled acetic acid for 4th and 5th cycles has led to substantially increased mean diameter of CBs. This could be attributed to partially neutralized acetic acid with residual NaOH to form acetate salt. Increasing concentrations of acetate, thiourea, and urea dissolved in acetic acid with number of cycles could have rendered it less effective as a precipitating agent. Besides, increased ionic strength of aqueous solution would lead to less stable microemulsion droplets and increased agglomeration of cellulose to form beads of larger mean diameters. 
Effect of Stirring Speed.
The mean diameter of cellulose beads was observed to be significantly affected by the stirring speed during synthesis (Figure 2(a) ). The mean diameter of cellulose beads decreased from the maximum of 64.5±3.9 m to 29.6 ± 2.0 m, as the stirring speed was increased from 250 rpm to 1250 rpm. Higher stirring speed provided the higher shearing force needed to reduce the droplet size of microemulsion formed which, in turn, led to decrease in the mean diameter of cellulose beads [35] . The stirring speed of 1000 rpm was found to be the optimum stirring speed for fabricating CBs with the smallest mean diameter of 27.6 ± 1.0 m.
Effect of Surfactant Concentration.
The mean diameter of CBs formed was observed to be significantly affected by the concentration of surfactant presence in the waterin-oil microemulsion (Figure 2(b) ). The mean diameter of CBs decreased linearly from the maximum of about 50 m to 26 m as the concentration of surfactant was increased from 0.5 to 3.0% (w/v) but thereafter had remained almost constant at about 30 m at surfactant concentrations of 4.0 to 6.0% (w/v). Cellulose beads of the smallest mean diameter (26.5 ± 2.1 m) were obtained at 3% (w/v) Span 80 which corresponded to the critical micelle concentration of Span 80 at 0.2 mM [36] . Above the critical micelle concentration of Span 80, the droplet size of microemulsion would be almost constant and hence the mean diameter of cellulose beads was observed to remain constant at about 30 m [37] . A surfactant concentration of 3% w/v and above would be optimal for providing complete coverage of the entire surface area of microemulsion droplets in order to afford maximum stability against coalescence and to maintain the smallest emulsion droplet size [38] . In contrast, CBs of larger mean diameter were obtained at lower surfactant concentration (<3.0% w/v), as microemulsion droplets tend to coalesce with each other to form larger droplets in order to reduce their surface area or energy. Tong et al. [39] reported similar results regarding the effect of surfactant concentration on the mean size of microspheres formed.
Effect of Cellulose Concentration.
CBs were fabricated from cellulose solution of various concentrations (1-5% w/v) at fixed stirring speed of 1000 rpm and Span 80 concentration of 3.0% w/v (Figure 2(c) ). The mean diameter of cellulose beads was observed to increase linearly from 14.5 ± 3. 1-5% w/v. The increase in the mean diameter of CBs could be due to increased viscosity at higher cellulose concentrations, which would, in turn, lead to the formation of larger microemulsion droplets, and hence CBs of larger mean diameters were formed [38] .
Effect of Reaction Temperature.
The effect of reaction temperature on the mean diameter of cellulose beads fabricated at temperatures within the range of 30 ∘ C to 100 ∘ C is shown in Figure 2(d) . The mean diameter of cellulose beads was observed to increase nonlinearly with increasing reaction temperature. The mean diameters of cellulose beads formed were 26.1 ± 1.9 m and 67.2 ± 3.6 m at reaction temperatures of 30 ∘ C and 100 ∘ C, respectively. The observed increase in the mean diameter of cellulose beads with increased reaction temperature could be attributed to the instability of microemulsion droplets at higher temperatures which promoted coalescence of microemulsion droplets and hence the formation of cellulose beads with larger mean diameters [40] . Besides, the critical micelle concentration of Span 80 could be affected at higher reaction temperatures leading to the formation of larger microemulsion droplet sizes. In addition, the effectiveness of interfacial adsorption of surfactant could be affected at higher reaction temperatures. The higher kinetic energy could lead to desorption of loosely adsorbed surfactant molecules from microemulsion droplets at the water-oil interface. The destabilization of water-inoil microemulsion droplets due to increased collision and coalescence rates at higher reaction temperature would eventually lead to increased mean diameter of cellulose beads [41] .
Fabrication of Nanosized Cellulose Beads (nCBs)
. nCBs were fabricated using the nanoprecipitation process in absolute ethanol. The mean diameter of nCBs was observed to increase nonlinearly with higher concentration of cellulose solution as shown in Figure 3 . nCBs of the smallest and largest mean diameter of 57 ± 2.3 nm and 200 ± 2.3 nm were obtained at cellulose solution concentrations of 0.1% w/v and 1.0% w/v, respectively. At low cellulose solution concentration, cellulose molecules would undergo complete nucleation process which resulted in the precipitation of nCBs in a more dispersed state [24, 42] . As the concentration of cellulose solution was increased, the Ostwald ripening effect would lead to the formation of larger cellulose beads which grew at the expense of smaller cellulose beads [25] . Besides, the hydrophilic nature of cellulose molecules would lead to aggregation through hydrogen bonding between smaller cellulose to form larger cellulose beads [43] . The synthesis procedure used in the current study afforded precise control of the mean diameter of cellulose beads within the ranges of 57 ± 2.3 nm to 200 ± 2.3 nm. In contrast, highly agglomerated cellulose nCBs were reported by Kumar and coworkers [44] . Our synthesis procedure had also avoided the usage of highly corrosive sulfuric acid [35] .
Characterization of Cellulose
Beads. Both SEM and TEM were used to investigate the morphological characteristics of cellulose beads. Figure 4(a) shows the SEM micrograph of CBs with mean diameter of 27.7 ± 1.2 m obtained from 3% w/v cellulose solution. The morphology of nCBs with mean diameter of 70.0 ± 2.8 nm is shown in Figures 4(b) and 4(c) . Both CBs and nCBs were mostly spherical in shape. nCBs showed some degree of aggregation mainly due to strong van der Waals force and electrostatic attraction between cellulose molecules [23, 45] . Most notably, the BET specific surface area of nCBs was substantially higher at 214 m 2 /g as compared to that of CBs at 127 m 2 /g (Figure 4(d) ), indicating that the overall surface area of cellulose beads would increase substantially with decrease in their mean diameters.
Loading and Release Kinetics of Curcumin
Loading of Curcumin.
The mean diameter of cellulose beads was observed to substantially affect the loading capacity and loading efficiency of curcumin onto cellulose beads. As shown in Table 1 and Figure 5 , the highest loading efficiency of curcumin (∼95%) was achieved for cellulose beads with the smallest mean diameter range of 40-90 nm. As the mean diameter of cellulose beads increased from nanometer to micrometer ranges (i.e., 100-130 nm, 190-250 nm, 20-40 m, and 41-60 m), the loading efficiency of curcumin was observed to decrease substantially from 79% to 65%. Cellulose beads with the largest mean diameter range of 61-80 m were observed to exhibit the lowest curcumin loading efficiency (57%). Both loading capacity and loading efficiency exhibited a strong inverse linear relationship with the mean diameter range of cellulose beads with 2 of 0.9576 and 0.9562, respectively. Cellulose beads of larger mean diameter possess considerably lower surface-to-volume ratio as compared to that of cellulose beads of smaller mean diameters. Typically, the drug loading capacity and loading efficiency are dependent on the overall exposed surface area for drug uptake via either diffusional or surface adsorption processes. Henceforth, both the loading capacity and loading efficiency of cellulose beads could be substantially enhanced Values represent the means ± SD; = 3.
by simply controlling their mean diameter ranges. Francis et al. [46] reported similar findings that the drug loading efficiency increased with decreased in the mean diameter of poly(3-hydroxybutyrate) beads. Figure 6 shows the release kinetic profiles, cumulative percentage release, and
Release Kinetics of Curcumin.
International Journal of Polymer Science the duration of complete (100%) release of curcumin from cellulose beads with different mean diameter ranges. The rates of curcumin release from cellulose beads were observed to be highly dependent on their mean diameter ranges as evidenced by the different slopes of their release kinetic profiles ( Figure 6(a) ). Cellulose beads of smaller mean diameter were observed to exhibit substantially higher release rate as compared with those of cellulose beads of larger mean diameter.
As shown in Figure 6 (b), cellulose beads of the smallest mean diameter range (40-90 nm) exhibited the highest cumulative percentage release of curcumin (35.7%) within initial 0.5 h. In contrast, cellulose beads with the largest mean diameter range (61-80 m) exhibited the lowest cumulative percentage release of curcumin (11.6%) which was more than three times lower than that of smallest cellulose beads. Generally, the cumulative percentage release of curcumin from cellulose beads at various release durations was inversely proportional to their mean diameter ranges. The durations for complete (100%) curcumin release (3-10 h) from cellulose beads as a function of their mean diameter range is shown in Figure 6 (c). Evidently, the duration for complete curcumin release was observed to be inversely proportional to the mean diameter range of cellulose beads. For nCBs with mean diameter range of 40-90 nm, up to 99.8% of curcumin was being released within 3 h whereas CBs with mean diameter range of 61-80 m exhibited sustained release duration of about 10 h. These observations could be attributed to higher surface areato-volume ratios of cellulose beads with smaller mean diameter [47] . The surface area-to-volume ratio of nCBs is more than 40% higher than that of CBs. Higher surface area-tovolume ratio would lead to higher exposure to the releasing medium (PBS) and hence the enhanced rate of curcumin release [48] .
In order to elucidate the release mechanisms of curcumin from cellulose beads dispersed in PBS in the presence of SDS, different kinetic models were fitted and the release kinetic parameters are presented in Table 2 . The linear regression coefficients (
2 ) of zero-order kinetic for cellulose beads of various diameter ranges were within the range of 0.983-0.994 indicating that the release of curcumin from cellulose beads was independent of its concentration. Various mass transfer phenomena such as water and curcumin diffusion as well as physical characteristics such as surface area-to-volume ratio and swelling of cellulose beads could have contributed to the overall zero-order kinetics of curcumin release. Besides, the release of curcumin from cellulose beads of different mean diameter ranges exhibited very good fit to the Higuchi's kinetic model ( 2 > 0.97) indicating that the release of curcumin from cellulose beads could be attributed to diffusional processes. To further elucidate the release mechanism of curcumin, in vitro release data were being fitted to the Korsmeyer-Peppas empirical kinetic model. Cellulose beads of various mean diameter ranges showed very good fit ( 2 = 0.97-0.99) with the slope ( ) values within the range of 0.43-0.85 indicating that the release mechanism of curcumin from cellulose beads was anomalous or non-Fickian diffusion release processes [49] . As such, the mean diameter ranges of CBs exhibited dominant effects on the release kinetic profiles of curcumin, which could be precisely controlled by simply tailoring the mean diameter ranges of CBs.
Conclusion
Spherical cellulose beads of controllable sizes from micrometer to nanometer mean diameter ranges were successfully fabricated from cellulose fibres of paper wastes under controlled conditions. The mean diameter of cellulose beads was shown to be the primary determinant of loading capacity and loading efficiency, as well as the release kinetic profiles of curcumin. Both CBs and nCBs exhibited similar release kinetic profiles of curcumin which conformed well to the zero-order kinetics and the Higuchi kinetics model. The release mechanism of curcumin from cellulose beads was mainly attributed to diffusional processes. Henceforth, further optimization of the delivery characteristics of curcumin via precisely tailoring the mean diameter ranges of cellulose beads is therefore highly envisaged.
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